Introduction
During cellular differentiation, quantitative and qualitative changes in gene expression occur. The underlying regulatory mechanisms are poorly understood but operate at the transcriptional, translational and posttranslational levels (1, 2) . A better understanding ofthese regulatory mechanisms could lead to new forms of therapy of acute human leukemias where the cells are arrested at different stages of maturation (3) . The human promyelocytic leukemic cell line HL-60 is an established model for studying hematopoietic cell differentiation in vitro (4, 5) . These immature cells can be induced by various compounds to differentiate along either the granulocytic or monocytic lineage into functionally and morphologically mature nonproliferating cells (4, 5) .
We found that starvation for a single essential amino acid induced granulocytic differentiation of HL-60 cells. Changes in tRNA molecules appeared to play an important regulatory role in the differentiation process because (a) the degree of differentiation correlated with the degree of amino acid starvation (tRNA aminoacylation varies with amino acid availability), (b) histidinol, an aminoacyl tRNA synthetase inhibitor, induced differentiation, and (c) cycloheximide prevented differentiation in amino acid-starved cells whereas puromycin had a much weaker effect.
Address reprint requests to Gerry R. Boss For the measurement of [1-'4C]glucose oxidation, which quantitatively measures functional maturation of the cell population, 5 X 106 cells were recovered by centrifugation from each ofthe duplicate cultures. They were resuspended at a density of 1.5 X 106 cells/ml in glucose-free, Hepes-buffered RPMI-1640 medium supplemented with 2 mM glutamine and 2 mg/ml dialyzed bovine serum albumin. Two l-ml aliquots ofthis cell suspension were transferred to 16 X 100-mm glass tubes, and PMA was added to one aliquot at a final concentration of 50 ng/ml. 'CO2 was collected and counted as previously described (7 Measurement of cell growth and protein synthesis. Cell increment was calculated from the cell density at day 0 and day 4 measured by Coulter counter (Coulter Electronics, Hialeah, FL); the control cultures grew exponentially during this time. When control cultures were fed on day 3 by a 1:6 dilution with fiesh medium, exponential growth continued until day 6; cell viability and the degree of spontaneous differentiation on day 6 were similar in the nonfed and fed control cultures. Cell viability was determined by trypan blue exclusion and exceeded 85% in all cultures.
Protein synthesis was measured after 48 h ofculture by I h of [3H]leucine incorporation into acid-precipitable material as described previously (8) . Protein synthesis in amino acid-deficient or glucose-deficient cultures decreased until this time, remaining relatively constant thereafter. In preliminary experiments we found no difference in [3H]leucine incorporation when control cells were incubated in their original medium or fresh medium, thus indicating little change in the leucine concentration over the first 48 h of culture.
Results HL-60 differentiation during amino acid starvation. When HL-60 cells were cultured in experimental medium that contained a growth-limiting concentration, 3-10 MM, of an essential amino acid, a large proportion of the cells differentiated into morphologically and functionally mature metamyelocytes and granulocytes after 6 d (Fig. 1) . Similar results were obtained at 3 uM of these three amino acids or with 10 MM ofarginine, isoleucine or lysine. The concentration ofthese latter three amino acids in complete medium is 1.15 mM, 380 AM, and 274 MM, respectively. Differentiation was not observed when a nonessential amino acid, e.g., proline or serine, was either omitted from the medium or present at 10 MM. When the effect of starvation for different essential amino acids was compared, there was a noticeable correlation between the degree of growth and protein synthesis inhibition and the degree of differentiation (Fig. 1) . The degree of differentiation during valine starvation was similar to that obtained with 1% DMSO, an established and very effective inducer ofHL-60 differentiation (5). Cycloheximide, puromycin, or emetine, at concentrations that inhibited growth and protein synthesis to similar degrees as did amino acid starvation, did not induce differentiation (Fig. 1) . Moreover, when cells were incubated in growth-limiting glucose concentrations, 10-500 ,MM, growth and protein synthesis were inhibited similarly as for cells in amino acid-deficient medium, but differentiation was not observed (results with 100 MM glucose are shown in Fig. 1 ).
Thus, differentiation during amino acid starvation was not simply secondary to growth or protein synthesis inhibition but appeared related to some factor unique to amino acid starvation that correlated with the degree of starvation.
Time course of HL-60 differentiation during amino acid starvation. A significant increase in PMA-stimulated [1- '4C]glucose oxidation was detected as early as 48 h after initiation of cultures in either tyrosine-free medium or in medium containing 3 uM tyrosine (Fig. 2, ,MM tyrosine at 72 h did not inhibit differentiation (Fig. 2, closed circles, dashed lines). In cells cultured in 1-0 uM tyrosine commitment lagged -1 d behind that of cells in 3 MM tyrosine. Thus, 50 AM tyrosine added at 48 h completely prevented differentiation (Fig. 2 , closed triangles, dotted lines), but when added at 72 h a time course ofPMA stimulation (Fig. 2 , closed triangles, dashed lines) and NBT reduction was found that was similar to that observed in the 3 MM tyrosine cultures that had 50 AM tyrosine added at 48 h. These findings are in agreement with previous observations that the portion ofcells that become committed to differentiation is dependent on inducer exposure time and concentration (9).
HL-60 differentiation during histidinol treatment. Histidinol is a specific histidine aminoacyl tRNA synthetase inhibitor and consequently causes nonaminoacylated (uncharged) tRNAHis to accumulate (10, 11 Effect ofcycloheximide and puromycin on HL-60 differentiation during amino acid starvation. Cycloheximide and puromycin inhibit protein synthesis by different mechanisms. Cycloheximide inhibits ribosomal peptidyl synthetase activity whereas puromycin allows peptide bond formation to proceed with release of incomplete peptides (12) . In amino acid-starved cells cycloheximide increases the degree oftRNA aminoacylation whereas puromycin does not (13, 14) . We found that cycloheximide added to cultures in medium containing 3 ,M or 10 IAM tyrosine completely prevented differentiation without affecting cell growth or viability whereas puromycin only partly prevented differentiation of these starved cells (Table I) (10, 14, 15) . In HeLa cells amino acid analogues, which partially mimic the effect ofamino acid starvation, initiate a stress response with preferential translation of stressrelated mRNAs and inhibition oftranslation of nonstress-related (7, 8, 17) . However, decreased aminoacylation of the cognate tRNA with uncharged tRNA accumulation is unique to amino acid starvation (1 1, 13) suggesting that uncharged tRNA molecules were involved in HL-60 differentiation during amino acid starvation. Two other pieces ofevidence also suggest that uncharged tRNA molecules were important in the induction of HL-60 differentiation by amino acid starvation: first, the induction of differentiation by histidinol with the inverse correlation between the degree of differentiation and the medium histidine concentration, and second, the differential effect of cycloheximide and puromycin on differentiation during amino acid starvation.
Significant qualitative and quantitative changes in tRNA isospecies occur during differentiation of plant cotyledons, insect larvae, amphibian embryos, and mouse erythroleukemia cells, thus suggesting an important regulatory role of tRNA during cellular differentiation (18, 19) . Amino acid starvation can cause unequal aminoacylation of the cognate tRNA isospecies (18) , and because of tRNA hypomodification can cause changes in both cognate and noncognate tRNA isospecies (20) . Changes in the intracellular availability of certain aminoacylated tRNA isospecies can lead to mRNA discrimination (21, 22) . Amino acid starvation of HL-60 cells may allow further elucidation of the mechanisms involved in the regulation of gene expression during human myeloid differentiation and, in particular, the role of tRNA molecules.
